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Abstract.-Negative cooperativity has been observed in CTP synthetase, an
allosteric enzyme which contains a regulatory site. Thus, the same enzyme
exhibits negative cooperativity for GTP (an effector) and glutamine (a sub-
strate) and positive cooperativity for ATP and UTP (both substrates). In the
process of the delineation of these phenomena, diagnostic procedures for nega-
tive cooperativity were developed. Application of these procedures to other
enzymes indicates that negative cooperativity is a characteristic of many of
them. These findings add strong support for the sequential model of subunit
interactions which postulates that ligand-induced conformational changes are
responsible for regulatory and cooperative phenomena in enzymes.

Recently it has been shown that phosphoenolpyruvate carboxylasel and rabbit
muscle glyceraldehyde-3-phosphate dehydrogenase2 exhibit negative coopera-
tivity in the binding of substrate. This type of cooperativity had been pre-
dicted from the sequential model' of subunit interactions and evidence had been
presented that ligand-induced conformational changes were responsible for the
pattern of these enzymes. Three questions immediately arise. First, is nega-
tive cooperativity a rare event that occurs in a few enzymes with unusual
structural features or is it an ubiquitous feature of enzymes? Second, how can
one recognize such behavior in other enzymes which may be behaving in a similar
way? Third, is the phenomenon associated with certain types of enzymes, for
example those which lack regulatory sites, or certain types of small molecules,
for example substrates? The findings reported here on an enzyme containing
regulatory sites and exhibiting positive homotropic effects may throw light on
these questions.
CTP synthetase has been isolated and purified by Long and Pardee4 and has

been shown to catalyze the reaction of equation (1).'7
GTP

UTP + ATP + glutamine g-y CTP + Pi + glutamic acid + ADP. (1)
The enzyme exhibits positive homotropic effects toward ATP and UTP with
Hill coefficients of 3.8 and 3.2, respectively.4 It has recently been shown that
the active enzyme is a tetramer of molecular weight 200,000.7 In the examina-
tion of the kinetic properties of this enzyme, negative cooperative effects have
been uncovered. The evaluation of these phenomena in relation to the struc-
ture of the protein has led to diagnostic procedures which have proved helpful
in understanding the nature of negative cooperativity.

Materials and Methods.-The tetralithium salts of UTP, ATP, and GTP were pur-
chased from Schwarz BioResearch.

Glutamine was a product of Calbiochem. All other chemicals used were of analytical
grade.
The enzyme CTP synthetase was prepared according to Long and Pardee,' and kept in
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0.02 M sodium phosphate buffer, pH 7.4, containing 2 mM glutamine and 1 mM EDTA
at 40C. Prior to use the enzyme was dialyzed against 0.02 M imidazole-acetate buffer,
pH 7.2, containing 0.05 M f3-mercaptoethanol. The activity was measured as described
previously,4 except that imidazole-acetate buffer, 0.02 M, pH 7.2, was used instead of
Tris-HCl.8
Results.-The initial velocity of CTP synthesis was determined as a function

of glutamine concentration in the presence of different fixed GTP concentrations
(Fig. 1). It can be seen that at the lowest GTP concentration a pronounced
deviation from the Michaelis-Menten hyperbola occurs. Increased concentra-
tions of GTP decrease these deviations until at the highest GTP level (2.5 X
10-4 M) only a minor deviation from the Michaelis-Menten pattern is observed.
This can be seen either by comparing the R8 values,3 i.e., the ratio of the 90-10
per cent saturation velocities, or by plotting the same data on a double-reciprocal
plot as shown in Figure 2. In Figure 3 the double-reciprocal plot of the effect
on reaction velocity of varying GTP concentrations is presented. GTP was
shown by Long and Pardee to be an effector of the reaction,4 and has been
shown to activate the enzyme without itself decomposing.7 The GTP pro-
duces pronounced deviations from straight lines and reveals the same biphasic
dependence as glutamine. With GTP the enzyme responds to the effector as
if it possessed two dissociation constants, K1 = 4 X 10-5 M and K2 = 1 X
104 M.
To understand these results it is necessary to consider the types of curves that

one would expect from various types of cooperativity. In Figure 4 a standard
saturation plot [velocity versus (S)], a double-reciprocal plot, and a Hill plot
are shown for positive cooperativity, negative cooperativity, and classical
Michaelis-Menten kinetics. When positive cooperativity is exhibited, the classi-
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FIG. 2.-Double - reciprocal
plots for data of Fig. 1. The
data of Fig. 1 were replotted ac-
cording to the Lineweaver-Burk
equation.
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FIG. 3.-Double-reciprocal plot for the depen-
dence of the CTP synthetase reaction velocity on
GTP concentration. The assay conditions were the
same as in Fig. 1, except that (GluNH2) = 0.05M
and the GTP concentration varied as described in
the figure.

cal sigmoid curve is obtained in the saturation plot, R8 is less than 81, the double-
reciprocal plot is concave upward, and the Hill9 coefficient is greater than 1
(in this particular example n = 2). For independent noninteracting sites the
classical Michaelis-Menten curve is obtained, R. equals 81, the double-reciprocal
plot is linear, and the Hill coefficient is 1. For negative cooperativity the satura-
tion plot looks qualitatively like a Michaelis-Menten curve but the R8 value is
greater than 81, the double-reciprocal plot is concave downward, and the Hill
coefficient is less than 1.
Although an R. value of greater than 81 or a curve which is concave downward

in a double-reciprocal plot is compatible with negative cooperativity, the ab-
sence of such an effect does not exclude the presence of this phenomenon. Since
ligand-induced conformational changes may distort neighboring subunits,2 10
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FIG. 4.-(A) Michaelis-Menten, (B) double-reciprocal, and (C) Hill plots of v =

VmS-/(K + ASn) for different n values. Theoretical curves drawn in cases in which Vm =

1, K = 1, and n = 0.5, 1, and 2.
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it is not necessary that the active site be precisely the same for each of the
molecular species ES, ES2, ES3, etc. Thus positive cooperativity in k,6t per site
could exist at the same time as negative cooperativity with regard to binding.
If the increase in catalytic power is sufficiently great, this will more than com-
pensate for the decreased affinity of binding. An illustrative plot of v versus
(S) is shown in Figure 5 together with the same data plotted in double-reciprocal
and Hill-type plots. In such a case it is apparent that a plot of velocity versus
substrate may give an R, value less than 81 or equal to 81 even though negative
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cooperativity with respect to binding was occurring. In these cases the R.
value by itself would not be diagnostic but the double-reciprocal plot or the
Hill coefficient may be revealing, as deviations of the types shown in Figure 5
would be expected.
When these criteria are applied to the CTP synthetase data, many of the

characteristics of negative cooperativity are seen to be present-i.e., high R8
values, and deviations on the double-reciprocal plot-but the curve is signifi-
cantly different. A distinct leveling occurs in the plot of v versus (S) which is
reminiscent of a similar leveling in the plot of v versus log (S) calculated previ-
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ously3 for a case of negative cooperativity. When similar calculations are made
for a tetrameric protein, it appears that such a leveling can occur if both negative
and positive cooperativity are present for the same ligand. For example, if the
binding of the first glutamine molecule makes it easier for the second to bind,
which in turn makes it more difficult for the third glutamine molecule, and this
in turn increases the affinity of the fourth glutamine, such leveling will occur.
A combination of negative and positive cooperativity in kcat and negative co-
operativity plus Michaelis-Menten binding can also lead to leveling in the plot
of v versus (S). The typical downward deviation in the double-reciprocal plot
indicating negative cooperativity is observed for the effector GTP.
Discussion.-The molecular events which could explain negative homotropic

kinetics are (1) ligand-induced conformational changes which affect subunit in-
teractions, (2) electrostatic repulsion between ligands, (3) nonidentical peptide
chains having active sites with different binding constants as in isozymes, (4) two
or more polymorphic forms of the same enzymes, (5) geometric arrangements
of identical chains which produce nonidentical sites either because of static
geometry or because of subunit conformational changes during the association
of subunits, and (6) a combination of two or more of these alternatives. Elec-
trostatic effects would seem to be excluded for the uncharged glutamine and
unlikely to produce such large changes in the case of GTP for the reasons cited
earlier.2 The individual subunits of the CTP synthetase tetramer appear to be
identical7 but slight differences in amino acid sequence or association to produce
different sites as suggested in alternatives (3), (4), and (5) may make some
contribution to the unusual pattern. However, it is readily shown that the
leveling in the plot of v versus (S) observed for glutamine or GTP can only be
obtained if at least two of the sites exhibit ligand-induced negative cooperativity.
Thus, alternative (1) is required to explain the kinetic pattern of CTP synthetase.
Ligand-induced changes in the subunit interactions, furthermore, would explain
the influence of GTP on the glutamine curves.
The sequential model for subunit interactions2 I is based (1) on the induced-fit

assumption that the conformational change induced in a flexible protein depends
on the structure of the ligand and (2) on the assumption that the nature and
amount of the distortion which is transmitted from one subunit to neighboring
subunits will depend on the nature and strength of the subunit interactions. In
one simple illustrative example it was shown3 that variation of one parameter
for subunit interactions, KBB, could give rise to positive cooperativity (when
KBB > 1), negative cooperativity (when KBB < 1), and Michaelis-Menten
kinetics (when KBB = 1). Such a model is ideally suited for the complex phe-
nomena observed for CTP synthetase. No two-state'2 or even three-state or
four-state model could explain the interlocking combinations of negative and
positive cooperativity. This behavior, however, is readily explainable if it is
assumed that the conformational changes induced by GTP are not necessarily
identical to those induced by UTP or glutamine or ATP. If the conformational
changes are not identical, the nature and strength of the subunit interactions
need not be identical. In that case it is not surprising that one ligand can
produce positive cooperativity and another ligand negative cooperativity.
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Moreover, the effect of an added ligand will depend on the intermediate con-
formational state of the protein and hence on the ligands already attached to it.
The alternation from negative to positive cooperativity in the sequential binding
of a single ligand, for example, glutamine, and the change in the glutamine effects
caused by the binding of the effector, GTP, are readily understandable on this
basis.

Using the criteria developed in Figures 4 and 5, we examined the published
literature and found numerous examples in which kinetic data could be explained
by negative cooperativity. A few illustrative examples follow. Okazaki and
Kornberg," studying deoxythimidine kinase, recognized that their saturation
plots, although superficially similar to Michaelis-Menten plots, were not correct
quantitatively and that two separate Km values for deoxythimidine would be
needed to fit the data. Homoserine dehydrogenase,'4 mitochondrial isocitric
dehydrogenase,'5 human heart lactic dehydrogenase,"6 and glutamic dehydro-
genases from various sources'7-20 also show the characteristic deviations of nega-
tive cooperativity when the data are plotted in double-reciprocal plots like
those of Figures 4 and 5. The phosphoenolpyruvate carboxylase of Corwin and
Fanning' shows the same type of leveling in a plot of v versus (S) as was found
for CTP synthetase. A particularly interesting example is aspartyl transcarba-
mylase,2' the CTP and GTP homotropic data for which are plotted in Figure 6. It
is seen that both of the Hill coefficients are less than 1, indicating negative
cooperative effects. In this case negative cooperativity could explain a phe-
nomenon which has remained puzzling, i.e., the failure to observe complete
inhibition with GTP and CTP.21 From the negative cooperativity plots it can
be calculated that the R8 value is approximately 1000 and therefore nearly 0.1 M
CTP would be required to obtain complete inhibition. This is a far higher con-
centration than would be calculated from Michaelis-Menten kinetics and hence
far higher than the concentrations actually used in the experiments. Negative
cooperativity can explain the apparent discrepancy between four binding sites
for CTP and succinate22 in a protein with six catalytic and six regulatory sub-
unit.23' 24 Finally, data25' 26 on binding to immunoglobulin M antibodies show
the deviations characteristic of negative cooperativity.
Although detailed studies will be needed to eliminate alternatives (2) through
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4.0 _ / _ FIG. 6.-Hill plot for CTP and GTP
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(6) in each of these cases and in others which might be cited, evidence already
exists for many of the enzymes which makes those alternatives unlikely. Thus,
in certain cases identity of peptide chains has been demonstrated that has elimi-
nated the alternatives of isozymes or pleomorphic forms. In other cases the
enzyme contains both positive homotropic effects for some effectors and negative
homotropic effects for others. Thus, it seems that the best working hypothesis
at the moment would be the assumption that most of the kinetic evidence which
suggests negative cooperative behavior is the result of the ligand-induced con-
formational changes suggested in alternative (1).
As a consequence of these studies, tentative answers to our questions can be

given. First, negative cooperativity is apparently not a feature of a few odd
enzymes but is rather a pervasive pattern in many. The fact that many of the
data mentioned above were collected in unrelated studies indicates thatmany more
cases will come to light when deliberate attempts are initiated to uncover such
phenomena. Second, the procedures discussed here can be used as diagnostic
approaches to negative cooperativity phenomena. As discussed in relation to
Figures 4 and 5, a Hill coefficient less than 1, a biphasic double-reciprocal plot,
and an R,, value greater than 81 are strong indications of negative cooperativity
in a particular enzyme. The absence of one of these effects, however, does not
exclude the existence of this phenomenon. Third, there is evidence that negative
cooperativity is not identified with a special type of enzyme. Glyceraldehyde-
3-phosphate dehydrogenase is an enzyme which does not have a regulatory site.
CTP synthetase, deoxythimidine kinase,'3 homoserine dehydrogenase,'4 isoci-
trate dehydrogenase,'5 aspartyl transcarbamylase,2' phosphoenolpyruvate car-
boxylase,l and glutamic dehydrogenases'7-20 appear to have regulatory sites.
In all these cases negative cooperativity is indicated for at least one effector.
In many of these cases positive cooperativity with other effectors is also observed.
The wide range and complexity of these relationships lead one to conclude that
conformational changes which depend on the specific ligand inducing the changes
represent a simple unifying phenomenon which explains the diversity of individ-
ual patterns. It also explains the accompanying kinetic behavior which is so
important in metabolic control.
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